Purpose: To overcome limitations of previous ultra-high-field arterial spin labeling (ASL) techniques concerning temporal resolution and brain coverage by utilizing the simultaneous multi-slice (SMS) approach. Methods: An optimized, flow-alternating inversion recovery quantitative imaging of perfusion using a single subtraction II scheme was developed that tackles the challenges of 7 tesla (T) ASL. The implementation of tailored labeling radiofrequency pulses reduced the effect of transmit field (B þ 1 ) inhomogeneities. The proposed approach utilizes an SMS echo-planar imaging (EPI) readout to efficiently achieve large brain coverage. Results: A pulsed ASL (PASL) technique with large brain coverage is described and optimized that can be applied at temporal resolutions below 2.5 s, similar to those achievable at 1.5 and 3T magnetic field strength. The influences of withinand through-slice acceleration factors and reconstruction parameters on perfusion and blood-oxygenation-level-dependent (BOLD)-signal image and temporal signal-to-noise ratio (SNR) are presented. The proposed approach yielded twice the brain coverage as compared to conventional PASL at 7T, without notable loss in image quality. Conclusion: The presented SMS EPI PASL at 7T overcomes current limitations in SNR, temporal resolution, and spatial coverage for functional perfusion and BOLD signal as well as baseline perfusion measurements. Magn Reson Med 78:121-129,
INTRODUCTION
Arterial spin labeling (ASL) is an MRI technique that allows noninvasive quantification of the cerebral blood flow (CBF) by utilizing magnetically labeled arterial blood water as an endogenous tracer (1, 2) . Measurements of CBF using ASL remain challenging, mainly due to the low microvascular density ($1%-2% of local tissue volume), and hence the low signal-to-noise ratio (SNR) of the perfusion-weighted MRI signal, which necessitates long scan times. An additional challenge for ASL is the limited brain coverage due to T 1 relaxation of labeled blood during the postlabeling delay (PLD) and the image acquisition. Although there have been suggestions for ASL sequences independent of PLD (e.g., (3)), they have not reached maturity to be routinely applied. However, the number of slices for a given readout window can be dramatically increased by employing recent image acquisition techniques, such as simultaneous multi-slice (SMS) or multiband (MB) imaging (4) (5) (6) (7) (8) .
Recently, SMS has been utilized to increase the brain coverage at little cost in temporal SNR of various MRI techniques, including ASL at 3 tesla (T) (9) (10) (11) (12) . In the SMS approach, MB composite radiofrequency (RF) pulses are applied to simultaneously excite several spatially distributed imaging slices. The different sensitivity profile of the phased-array coil allows disentangling the signal from the different slices. The key advantage of SMS over conventional parallel imaging methods is that there is no SNR penalty due to k-space undersampling, only SNR reduction due to the g-factor imposed by the coil geometry (6) . Using CAIPIRINHA (8) -controlled aliasing in parallel imaging results in higher acceleration -the distance between aliasing voxels is increased and higher parallel imaging and/or SMS acceleration factors can be achieved. CAIPIRINHA works by either modulating the phase of the MB excitation pulses (13, 14) or adding gradient blips (6) . In result, a reduced and more uniform g-factor distribution is achieved, thereby increasing the overall SNR. Simultaneous multi-slice imaging (see review in (15) ) has demonstrated, for example, improvements for the detection of resting-state networks (7) and dramatically reduced imaging time in diffusion-weighted imaging (16) .
Ultra-high field (UHF; 7 Tesla and higher) imaging combined with SMS acquisition offers an attractive approach to increase SNR and coverage of ASL (17) : First, image SNR increases with field strength (18, 19) ; second, the longer T 1 relaxation times at higher fields (20, 21) amplify the perfusion-related signal changes and allow longer readout acquisition windows; and third, the SMS approach further increases the spatial coverage. In addition, longer PLD times become feasible, reducing spurious intravascular signal. Further, UHF has proven useful in accurately measuring white-matter perfusion with ASL (22) .
Despite these advantages, ASL at UHF has not been widely used in humans due to considerable technical challenges. In particular, B 0 and B 1 inhomogeneities substantially reduce the spatial homogeneity and efficiency of the labeling at UHF (23, 24) . In addition, the faster T decay during the echo-planar imaging (EPI) readout results in blurring and resolution loss along the phaseencoding direction (25, 26) . Parallel imaging shortens the EPI readout and effective echo spacing, yielding a proportional reduction in image blur and geometric distortion due to off-resonance effects (26) . The generalized autocalibrating partially parallel acquisitions (GRAPPA) parallel imaging method (27) is often employed due to its use of reference lines data rather than explicitly estimated coil sensitivity profiles. However, subject motion and dynamic B 0 changes, in case the reference lines are collected using segmented EPI over multiple repetition time (TR) periods, can lead to discontinuous SNR and temporal SNR (tSNR) of the accelerated EPI data (28). Polimeni et al. have recently proposed using the fast low-angle excitation echo-planar technique (FLEET) to reorder the reference lines acquisitions such that all segments for a given slice are acquired consecutively as rapidly as possible (28) . This was shown to result in substantially higher tSNR and image quality in accelerated EPI. Furthermore, the increased specific absorption rate (SAR) renders widely used techniques at clinical field strengths impractical to be used at UHF, such as background suppression and spin-echo-based approaches (29) . In fact, these technical challenges have led to previous implementations of ASL at UHF having only limited brain coverage and/or poor temporal resolution (24, (30) (31) (32) (33) (34) (35) . In particular, the increased SAR at UHF doubles the minimum achievable TR of pseudocontinuous ASL (PCASL) at 3T (36, 37) , even with low flip-angle readouts (12, 33) .
In this work, we combine the SMS benefits with perfusion imaging at 7T, in particular for functional experiments. Numerous studies have demonstrated the advantages of UHF for blood-oxygenation-level dependent (BOLD) imaging (38) (39) (40) , thereby rendering simultaneous CBF and BOLD imaging at 7T especially attractive. To advance (functional) ASL towards its full potential at 7T, we combine an optimized, flow-alternating inversion recovery (FAIR) (41) labeling scheme with an SMS blipped-CAIPI EPI readout. FAIR is SAR-efficient and does not suffer from magnetization transfer effects, which makes it ideally suited for increasing the temporal resolution of ASL at UHF (17, 31) . In addition, we systematically investigate the influence of within-and throughslice acceleration factors and reconstruction approaches on perfusion and BOLD-signal image and temporal SNR. Because the slice-GRAPPA kernel sizes used in previous SMS ASL studies at 3T and 7T varied, the optimal kernel size for our data was determined. In summary, we developed and optimized ASL techniques for large brain coverage that can be applied at temporal resolutions between 2 and 2.5 s, similar to ASL at 3T. A preliminary account of this work has appeared in abstract form (42, 43) .
METHODS

Subjects and ASL Acquisition
Experiments were performed on seven healthy volunteers (28 6 4 years old, 3 female) after obtaining informed consent in accordance with the guidelines of the local ethics committee. Data was acquired on a 7T whole-body MRI scanner with a gradient system achieving a 70 mT/ m maximum gradient amplitude, 200 T/m/s maximum slew rate (Siemens Healthcare, Erlangen, Germany), and a 32-channel receive head coil (Nova Medical Inc, Wilmington, MA).
The FAIR labeling scheme was combined in a prototype sequence, with the quantitative imaging of perfusion using a single subtraction II approach (44) and a 2D blipped-CAIPI SMS EPI readout (6) . All ASL measurements had 2.5-mm isotropic nominal voxel size, 0.5-mm interslice gap, 80 repetitions, echo time (TE)/TI1/TI2/TR ¼ 11/700/1,800/2,500 ms, echo-spacing 0.53 ms, and either 12 or 24 slices (see next section). The nominal excitation flip angle (67 degrees) was chosen to remain within SAR limits in all measurements. The echo spacing and TE were set as small as possible within the capabilities of the gradient coil. Additional calibration scans were acquired to estimate the blood equilibrium magnetization (M 0 ) for each of the acquisition variants (described below), with imaging parameters identical to the time-series acquisition but with all ASL preparation pulses set to zero amplitude and TR increased to 20 s (Fig. 1) .
With SMS excitation, the N slices in the EPI slice-stack are not acquired one by one in ascending order, but instead the slice-stack is divided into SMS-factor subgroups, each containing N/SMS-factor slices. The n-th slices (n ¼ 1 . . . N/SMS-factor) in each SMS group are acquired simultaneously-in our case, using ascending slice order (see Figure 1) . Either slab-selective or nonselective inversion was performed using an optimized 10-ms time-resampled (tr)-frequency offset corrected inversion (FOCI) pulse (31, 45) , which achieves high inversion efficiency at 7T despite B 1 inhomogeneities and SAR constraints. In the nonselective case, the spatial extent of the inversion was essentially limited by the transmit field (B þ 1 ) profile of the head coil. In the selective case, the inversion slab was set to be at least 19.5 mm broader than the imaging volume (at least 9.75 mm on each side). This was done because a mismatch of the inversion slab profiles across the imaging volume would lead to erroneous perfusion values during subtraction. Special care was taken to minimize potential off-resonance effects on the labeling by extending the B 0 shimming volume over the whole brain, including the brainstem.
In order to improve labeling efficiency, the eye centers were taken as reference for the magnet isocenter position ($ level of pons), instead of the eyebrows ($level of basal ganglia) as is typically done. In addition, the necks of the participants were adjusted (in the anterior-posterior direction) to be parallel to the B 0 field by adding cushions below them when necessary. This was done to ensure that the arteries are aligned with the B 0 field as well as possible. Our preliminary test indicated that this procedure not only increased the comfort and reduced motion during the scans but also improved the reliability of the labeling. In order to improve the B 1 efficiency in the major arteries at the base of the brain, two rectangular 18*18 cm 2 highpermittivity dielectric pads (2.8:1 weight ratio of calcium titanate in deuterated water) with 5 mm thickness were placed on either side and below the head at the level of the temporal lobes (46) . B 1 maps were acquired to guide the choice of transmitter reference voltage, ensuring that the adiabatic condition for the inversion pulse is fulfilled for as large volume across the head as possible.
Sequence and Image Reconstruction Implementation
All ASL acquisitions started with autocalibration: reference scans without magnetization preparation for obtaining the slice-GRAPPA kernel, the GRAPPA reconstruction kernel, or both, depending on whether a through-plane, in-plane acceleration, or both were used. Initial tests indicated that this approach substantially improved the quality of the reconstruction obtained in comparison to when the kernels estimation was done on data with ASL preparation. The SMS scans had 24 slices and 98-mm local inversion slab thickness, whereas the non-SMS acquisitions had 12 slices coinciding with the lower half of the SMS imaging volume and 55-mm slab thickness.
In one volunteer, the optimal in-plane and slice-GRAPPA reconstruction parameters were determined, and the FLEET GRAPPA reference lines acquisition method (28) was compared to the segmented reference lines acquisition approach (see Supporting Figs. S1-S5). Based on the findings, the FLEET strategy with a GRAPPA kernel size of [3*2] and a slice-GRAPPA kernel size of {3*3}, whenever applicable, was employed in all experiments reported below.
In six participants, the optimal set of acquisition parameters was investigated by varying the GRAPPA, SMS, field-of-view (FOV) shift, and partial Fourier factor. For the latter scans, the FLEET reference lines acquisition was applied whenever in-plane acceleration was used. Partial Fourier was used in all cases to shorten the echo time in order to reduce T Ã 2 weighting, and therefore the susceptibility influence on the perfusion-weighted signal. The inplane acceleration was limited to 2, and the SMS factor to 4, in order to avoid substantial tSNR loss due to high total acceleration factors. The FOV-shift factors employed for each protocol aimed to optimally utilize the available FOV and thus minimize g-factor-related losses in the different SMS protocols. It is worth noting that the SMS imaging volume was fixed; thus, increasing the SMS factor leads to a decrease of the distance between the slices, which have to be unaliased. This distance was 36 mm for SMS 2, 24 mm for SMS 3, and 18 mm for SMS 4. The relevant acquisition parameters of all the acquired datasets are listed in Table 1 . Throughout the article, we use the nomenclature GRAPPA factor * SMS factor. The EPI readout lasted with GRAPPA 2 acceleration 15 ms, and without acceleration 25 ms.
Image Analysis
Arterial spin labeling images were corrected for motion and coregistered with SPM 8 (Functional imaging laboratory, University College London, London, UK) without spatial smoothing. Perfusion-weighted images were constructed from the difference between the nonselective and slab-selective images. Surround subtraction results in higher perfusion tSNR but was not applied here to enable better comparison with the values obtained in previous SMS ASL work (9) (10) (11) (12) . Note, however, that none of the overall results reported below was qualitatively altered when using surround instead of pair-wise subtraction.
Because TI2 slightly differed between the slices of the various ASL acquisitions, the perfusion-weighted maps were corrected using the actual slice-specific TI2 before the CBF calculation. Absolute CBF values were computed for each subject using the approach described in (29) . The inversion efficiency was assumed to be 0.95 based on preliminary in vivo measurements for the tr-FOCI RF pulse. The T 1 of blood at 7T was assumed to be 2.1 s based on recent in vivo measurements (47) . Only the control images from the ASL time series were used to obtain the BOLD signal data, in order to avoid temporal smoothing when the average of label and control images is employed and facilitate comparison with previous studies. It is important to note that the terms control (t)SNR and BOLD (t)SNR are identical, but we use the BOLD term to emphasize that a BOLD-weighted time series can be obtained from the ASL data. This becomes especially valid at the high field strength of 7T, where the echo time used in this study (11 ms) approaches the optimal echo time for BOLD imaging (20-25 ms).
The perfusion SNR was estimated by the method described by Feinberg et al. (9): The even-and oddnumbered control image time points from the ASL time series were separately averaged, and the sum and difference of these two images were calculated. The perfusion SNR was calculated as the mean value across a region in the sum image divided by the standard deviation (SD) across the same region in the difference image. Voxelwise perfusion temporal SNR (tSNR) was calculated as the mean value divided by the SD of the 40-image perfusion-weighted time series. No adjustments to the SNR or tSNR values due to the differences in TI across slices were made. The BOLD tSNR for each scan was obtained by dividing the mean value by the SD of the time series that contained only the control images. The BOLD SNR was computed analogously to the perfusion SNR.
The mean (perfusion or BOLD signal) SNR and tSNR were calculated across the gray matter (GM) of the region common to all ASL acquisitions, that is, the region covered by the motion-corrected non-SMS scan. The GM mask was determined for each subject directly from the intersection of the coregistered and thresholded CBF maps of the individual ASL acquisitions. All voxels with perfusion values between 20 and 120 mL/100 g tissue/ min were deemed belonging to GM. The cross-section of all acquisitions was selected instead of only one to avoid a bias toward specific sequence settings and eliminate artifacts in the individual runs. In this way, discrepancies between the EPIs and a GM mask from an anatomical scan due to distortion were avoided. The overall tSNR (or SNR) reduction due to SMS imaging was estimated as 1 minus the ratio of the averaged tSNR (or SNR) for each SMS scan to the non-SMS scan. Statistical analysis was performed on the mean GM CBF values and the perfusion and BOLD (t)SNR using one-way analysis of variance in GraphPad Prism 6 (GraphPad Software, La Jolla, CA) with protocol (2*1, 2*2, 1*2, 1*3, 2*3, 1*4, 2*4) as parameter and Tukey correction for multiple comparisons at 0.05 family-wise significance level.
RESULTS
The dependence of the normalized mean GM perfusion and BOLD (t)SNR over the region covered by all scans on the SMS acceleration factor used is displayed in Figure 2 . The results were first averaged across participants and normalized with the mean value from the corresponding parameter of the non-SMS acquisitions (first block of bars). Generally, increasing the SMS factor leads to decrease in the (t)SNR for both perfusion-and BOLDweighted imaging. The (t)SNR dependence on the presence or absence of in-plane acceleration is more variable across SMS factors. The perfusion tSNR was used as an ordering metric for the acceleration factors. The decrease in perfusion SNR with acceleration factor follows the same trend, albeit with slightly different individual values. In comparison, the BOLD tSNR shows a slightly altered pattern. In particular, the BOLD tSNR of the 1*2 protocol is almost identical to that of the 2*2 one, whereas for perfusion the tSNR of the latter is slightly higher ($7%) than that of the 1*2 case. For the protocols with SMS factors 3 and 4, adding in-plane acceleration leads to additional (t)SNR cost for both BOLD and perfusion. The perfusion tSNR of the 2*1 protocol is statistically significantly higher than the 2*3, 1*3, 1*4, and 2*4 protocols. In contrast, the only other significant difference in perfusion tSNR among all the remaining protocols is between the 2*2 and 2*4 ones, with the latter being smaller. More significant differences exist, when comparing the protocols in terms of BOLD tSNR. The 2*1 protocol has significantly higher BOLD tSNR than the 2*3, 2*4, and 1*4 protocols, whereas the 2*4 protocol has also significantly lower BOLD tSNR than the 2*2, 1*3, and 1*2 ones. The differences in BOLD tSNR between the remaining protocols were not statistically significant. Interestingly, the obtained differences in BOLD SNR between all the protocols were not statistically significant. The perfusion SNR of the 2*1 protocol is significantly higher than that of all other protocols acquired. Further, the 2*2 protocol has significantly higher perfusion SNR than the 1*3, 2*3, 1*4, and 2*4 protocols. The perfusion SNR of the 1*2 protocol is significantly higher than that of the 1*3 and 1*4 protocol, whereas the 1*4 protocol is higher than the 2*4 one. The differences in perfusion SNR between the remaining protocols were not statistically significant.
It is worth pointing out that the (t)SNR losses due to the increase in acceleration factors for the BOLD case are always smaller than the respective losses for perfusion but vary widely in magnitude across protocols. In particular, the normalized perfusion tSNR loss for the 2*2 protocol is 1 À 0.818 ¼ 0.182. The normalized BOLD tSNR loss for the same protocol is 0.066, that is, 36.3% of the loss in perfusion tSNR for this protocol. Using the same approach, the loss in BOLD tSNR is 20.8% of the loss in perfusion tSNR for the 1*2 protocol. Analogously, it is 38.3% for the 1*3 protocol, 71.3% for the 2*3 protocol; 68.4% for the 1*4 protocol; and 80.4% for the 2*4 protocol. Figure 3 shows CBF maps from one of the subjects acquired with the 2*2 and 1*2 protocols. The lower tSNR of the latter may be due to signal leakage from GM voxels into neighboring non-GM voxels in the phaseencoding direction. Furthermore, the loss of GM delineation in the data obtained without in-plane acceleration, and the corresponding T Ã 2 blurring, reverse any potential reduction of partial-volume effects offered by the moderate-resolution ASL acquisition. These results underscore the importance of parallel imaging for acquiring high-quality, high-resolution perfusion-weighted images at UHF. Figure 4 shows the mean GM CBF from the region covered by all scans and averaged across participants. The CBF measured with the non-SMS protocol is higher but not statistically significantly higher than the ones obtained with the other acceleration factors. As mentioned earlier, this can be attributed to the mismatch in
The dependence of the mean perfusion and bloodoxygenation-level dependent SNR and tSNR on the acquisition parameters used. The mean value over the gray matter covered by all scans was averaged across participants and normalized with respect to the non-SMS scan 2*1. The error bars represent the standard deviation across subjects. The protocols are ordered according to their perfusion tSNR. The acceleration factors nomenclature used is GRAPPA factor * SMS factor. SMS, simultaneous; tSNR, temporal signal-to-noise ratio multislice.
FIG. 3.
Single-subject cerebral blood flow maps in mL blood/100 g tissue per min (scaled identically) obtained with the 1*2 protocol on the left and 2*2 protocol on the right. The lack of in-plane acceleration and consequently double effective echo-spacing causes considerable blurring in the phase-encoding direction, reducing not only the image quality but also the temporal signalto-noise ratio.
the dimensions of the local inversion slab between the SMS and the conventional acquisitions. The smaller inversion slab of the non-SMS scan permits (venous) blood flowing into the imaging volume from above, thus artificially increasing the perfusion values (48) and the perfusion tSNR. The bright signal in the sagittal sinus in the perfusion-weighted images is another clear indication of the labeling of venous blood. The SMS acquisitions do not yield a statistically significantly different mean CBF compared with each other.
A perfusion tSNR map in three orthogonal views from a representative volunteer is displayed in Figure 5 . High tSNR across the GM of the whole volume can be seen. There are no apparent reconstruction artifacts. Due to the optimized FAIR implementation, the proposed PASL approach is not limited by SAR but by sequence timing, which allows it to be used at a temporal resolution previously achievable only at 1.5 and 3T. The coverage is close to whole brain and can be easily extended in the superior direction, if needed, by increasing the number of slices. Nevertheless, the coverage in the inferior direction is more challenging because it can compromise the spatial homogeneity and labeling efficiency of the bolus.
Furthermore, we thoroughly investigated the influence of both acquisition parameters (Supp. Fig. S1 ) and reconstruction parameters (Supp. Figs. S2-S5 ) on the perfusionand BOLD-weighted image SNR and tSNR. Supporting Figures S2 and S3 demonstrate the effects of the GRAPPA reference lines acquisition strategy and of the GRAPPA kernel size on tSNR and SNR, respectively. Supporting Figures S4 and S5 show the respective influence of the slice-GRAPPA kernel size on tSNR and SNR.
DISCUSSION
In this work, an optimized PASL SMS EPI implementation at 7T is presented, which overcomes limitations of previous UHF ASL approaches concerning temporal resolution and brain coverage (24, (30) (31) (32) (33) (34) (35) . The modified tr-FOCI inversion pulse and the use of carefully positioned dielectric pads ensured improved labeling efficiency, whereas the SMS EPI readout offered extended coverage of the brain without increases in TR. In short, SMS offers reduction not only in acquisition time but also in the difference between inversion times across the brain and motion sensitivity (see also (9) (10) (11) (12) ).
tSNR Dependence on the Acquisition Parameters
Substantial part of the perfusion (t)SNR loss can be attributed to the fact that the perfusion-weighted signal in the SMS scans is less than in the non-SMS one due to differences in the volume of blood labeled. In order to counteract such discrepancies, the 2*2 protocol could serve as a normalization reference for the other SMS protocols. If that is done, the average residual BOLD tSNR losses due to the increase in acceleration factor become 75% of the respective losses for perfusion. This indicates that the acceleration capabilities of perfusion-weighted imaging across a 71.5-mm-thick slab are not as high as for BOLDweighted imaging. To ensure sufficient perfusion tSNR and simultaneously prevent a rapid drop in BOLD tSNR, the SMS factor should not exceed 3, whereas the total acceleration factor (GRAPPA * SMS) remains below 4. Previous studies using the FAIR approach at 3T have achieved SMS factors up to 5 (9,10), albeit without inplane acceleration. Simultaneous multi-slice and GRAP-PA accelerations have a cumulative (t)SNR cost, with the latter being higher due to the additional (t)SNR penalty from data undersampling (6) . Because of the cumulative data undersampling and g-factor (t)SNR loss, our total acceleration factor of 4 has to be compared to SMS acceleration of 5 or higher in the aforementioned articles.
A specific reason for the statistically significant tSNR loss (in both perfusion-and BOLD-weighted imaging) with SMS factor above 3 in our data is that the distance between slices that have to be unaliased decreases to only 18 mm. Kim et al., using a 32-channel coil at 3T, demonstrated that whereas 30 mm distance between aliased slices allows good separation, 20 mm distance results in poor performance (10) . The similarity in the receive sensitivity profiles of nearby simultaneously excited slices causes a large   FIG. 4 . Dependence of the mean CBF values (in mL blood/100 g tissue per min) on acquisition parameters. The mean value over the gray matter covered by all scans was averaged across participants. The error bars represent the standard deviation across subjects. The acceleration factors nomenclature used is GRAPPA factor * SMS factor. CBF, cerebral blood flow.
FIG. 5. Perfusion temporal signal-to-noise ratio map of a representative volunteer acquired with the optimal 2*2 protocol. Highfidelity data with close to whole-brain coverage can be acquired at 7 tesla at temporal resolution matching clinical field strengths.
g-factor-induced SNR loss when the distance between them becomes too small.
It is important to point out that in the PASL 7T imaging setup, we have a fundamentally different situation than that of 3T SMS ASL papers in which SMS has been previously used to increase the brain coverage without increases in imaging time. The limited brain coverage, as well as the shorter T Ã 2 at 7T, pose more restrictive limits on the imaging parameters and SMS acceleration factor. Although the perfusion tSNR of the 2*2 protocol is larger than the 1*2 one, due to the reduced blurring of the former, this trend reverses at higher SMS factors: 1*3 and 1*4 have a higher perfusion tSNR than 2*3 and 2*4, respectively. This can be attributed to g-factor-related noise enhancement superseding the SNR loss due to blurring at high total acceleration factors. The absolute SNR and tSNR values for perfusion imaging presented here are comparable to the ones achieved with SMS EPI ASL at 3T with an identical number of averages (9,10), albeit with approximately 3.7 and 5.1 times larger voxel volumes than those here. This indicates potentially a higher effective SNR of our implementation for high-resolution perfusion studies. However, several factors may have all contributed to this result, ranging from higher field to shorter TE to receive RF coils arrangement, inversion pulses, and any differences in image reconstruction.
In summary, the protocol with GRAPPA 2 and SMS 2 offers doubling the brain coverage with minimal tSNR penalty for BOLD-and modest tSNR penalty for perfusionweighted imaging. Moreover, the use of in-plane acceleration in the 2*2 protocol reduces distortions and blurring as compared to the 1*2 case, markedly improving the quality of the perfusion images. Even though higher acceleration factors are possible, the perfusion (t)SNR penalties that are associated with them outweigh the benefits from the reduction of the volume acquisition time, making these suboptimal choices.
PASL versus PCASL at 7T
A direct comparison between our optimized PASL SMS approach and PCASL SMS at 7T was beyond the scope of the study. Nevertheless, we estimate that the SNR efficiency of PASL at 7T with a short TR is comparable to or even higher than that of PCASL at 7T with a long TR, as dictated by SAR limitations for the same brain coverage. The labeling efficiency of PCASL is slightly lower than that of PASL at any field strength, but this effect is expected to be larger at 7T due to the B þ 1 and B 0 inhomogeneities (33) . On the other hand, PCASL outperforms PASL in terms of achievable perfusion brain coverage due to the fact that current single-channel transmit head coils at 7T do not allow efficient blood inversion in the lower neck region needed for PASL labeling. This additionally shortens the length of the PASL bolus delivered, lowering the perfusion SNR as elaborated above. For both PCASL and PASL, the application of dielectric pads and the optimized tr-FOCI inversion pulse (for PASL) substantially counteract B þ 1 inhomogeneities but do not necessarily eliminate their effect. A further improvement of the PASL labeling bolus definition and extent as well as PCASL labeling efficiency may be offered by parallel transmission (pTx) techniques (49), such as B 1 shimming using multichannel transmit or dedicated labeling coils (50) . In particular, B þ 1 field increase across the whole neck region using a pTx head coil, to fulfill the adiabatic condition for the tr-FOCI inversion pulse, will offer immediate improvements for our approach. In comparison, PCASL labeling improvements will require not only a particular B 1 through the labeling plane but also a specific adjustment of the B 0 field in the same region (24) .
Comparison With Other Readout Approaches at 7T
Recently, 2D TurboFLASH (TFL) readouts have been proposed for perfusion imaging at UHF (33) and have even been combined with the SMS approach to increase the brain coverage (12) . Due to the low flip angle used, the TFL readout is very SAR-efficient and thus well suited for 7T imaging. However, drawbacks of this approach are its poor temporal resolution (TR twice as long as the one used here) and the fact that it cannot simultaneously acquire CBF and BOLD images, which are the key strengths of our SMS EPI approach.
It is instructive to compare the absolute perfusion SNR and tSNR achieved with the PCASL SMS 2D TFL approach at 7T (12) obtained using very similar hardware. A key difference between the two studies is the echo time achieved: 1.14 ms in (12) versus 11 ms in ours. The short echo time of SMS TFL of around 1 ms minimizes susceptibility contamination of CBF values and makes this approach useful for studies focusing solely on perfusion. Although the spatial perfusion SNR reported by Wang et al. is roughly double of the one achieved with the current method, and similar voxel volume and analysis procedures were used, the perfusion tSNR is essentially the same as the one achieved here. The relatively low tSNR of the 2D TFL approach may be related to increased physiological variations during the 330-ms readout. However, SMS TFL may be better than our approach for high-resolution and white matter perfusion imaging. The very short TE achievable, irrespective of the image matrix size, diminishes the perfusion signal loss in white matter present in other ASL approaches due to the short T Ã 2 of the latter at 7T. For single-shot EPI readouts, the echo time for high-resolution imaging increases rapidly with the image matrix size but not for TFL.
Studies suggest that three-dimensional (3D) MRI sequences, such as the 3D gradient and spin echo (3D GRASE) technique, provide better SNR when compared to single-TI 2D ASL for whole-brain acquisition (51, 52) . However, the long time required for data collection in 3D GRASE causes severe through-plane (in the second phase-encoding direction) blurring due to T 2 decay. In effect, the slice resolution is typically kept low to reduce the artifactual contributions of perfusion values from other slices due to blurring. Shortening the acquisition window (i.e., the echo-train length) can be accomplished by parallel imaging and/or multishot acquisition and minimizes through-plane blurring. However, this comes at the cost of either (t)SNR losses or increases in scan time with decreases in temporal resolution. At 7T, T 2 of blood gets shorter than at lower field strengths; therefore, the readout train needs to become even shorter to avoid increased blurring. Finally, the increased SAR and B 1 inhomogeneity at 7T further limit the utility of 3D GRASE for ASL at UHF.
Another 3D ASL approach suitable for 7T is 3D EPI (34) . Because it uses low flip-angle RF pulses for the EPI readouts, it has low SAR and is less affected by B þ 1 inhomogeneities. Indeed, a direct comparison between the 2D SMS-EPI and 3D EPI for ASL at 7T will be very instructive but is beyond the scope of this work.
Significance of the Findings for Other fMRI Techniques
The current findings for optimal acquisition and reconstruction parameters in SMS FAIR ASL at 7T may extend to other (multi-TI) PASL approaches such as Look-Locker ASL, as well as to other inversion recovery EPI techniques (e.g., vascular space occupancy (VASO) (53) and slabselective slab-inversion VASO (54)), using the same field and RF coil. The consistently higher temporal stability of FLEET over the segmented reference lines acquisition will benefit all ASL techniques using GRAPPA and 2D EPI readouts at any field strength (see Supporting Figs. S1-S3). Despite the suboptimal echo time for BOLD imaging used here, it is possible that the optimal GRAPPA and slice-GRAPPA kernels reported may also translate to standard BOLD functional MRI (fMRI) at 7T, with similar spatial and temporal resolution if the same reconstruction algorithms are used (see Supporting Figs. S2-S5). The BOLD tSNR dependence on the slice-GRAPPA kernel size did not always follow the perfusion tSNR behavior. This indicates that the optimal slice-GRAPPA reconstruction kernel for BOLD fMRI may depend on the specific SMS acceleration factor and distance between the slices that need to be unaliased.
CONCLUSION
The proposed SMS ASL approach increases the brain coverage at 7T at a small tSNR cost for SMS factor of 2 compared to a conventional 2D PASL acquisition. A combination of FLEET GRAPPA-2 and SMS-2 acceleration constitutes an optimal parameter set, taking into account brain coverage, tSNR, and artefact levels for moderateresolution PASL acquisitions at 7T. The technique proves useful for both functional and baseline perfusion measurements, bringing ASL at UHF closer to its full potential. The optimal reconstruction parameters determined in this study may also find application in other fMRI techniques at 7T, such as VASO and BOLD imaging.
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Additional supporting information may be found in the online version of this article. Fig. S1 . The influence of the GRAPPA reference line acquisition strategy on the perfusion (left panel) and BOLD tSNR (right panel) for the non-SMS scan (2 * 1). The images within a panel are identically windowed with the scale located below. The images on the left-hand side are acquired with the Segmented strategy, whereas the ones on the right-hand side are acquired using the FLEET approach. Fig. S2 . The influence of the GRAPPA reference line acquisition strategy (FLEET -solid colors, and Segmented -hatch patterns) on the perfusion tSNR in black (left y-axis) and BOLD tSNR in grey (right y-axis) for several combinations of acquisition and reconstruction parameters. The protocol parameters are listed below the x-axis according to the following nomenclature: GRAPPA factor * SMS factor; [GRAPPA kernel size in read direction * GRAPPA kernel size in phase-encoding (PE) direction]; {Slice-GRAPPA kernel size}. Fig. S3 . The influence of the GRAPPA reference line acquisition strategy (FLEET -solid colors, and Segmented -hatch patterns) on the perfusion SNR in black (left y-axis) and BOLD SNR in grey (right y-axis) for several combinations of acquisition and reconstruction parameters. The protocol parameters are listed below the x-axis according to the following nomenclature: GRAPPA factor * SMS factor; [GRAPPA kernel size in read direction * GRAPPA kernel size in phase-encoding (PE) direction]; {Slice-GRAPPA kernel size}. Fig. S4 . The influence of the slice-GRAPPA kernel size (3*3 -solid colors, 5*5 -fine hatch patterns, 7*7 -coarse hatch patterns) on the perfusion tSNR in black (left y-axis) and BOLD tSNR in grey (right y-axis) for several combinations of acquisition and reconstruction parameters. The FLEET reference lines acquisition strategy was employed in all cases. The protocol parameters are listed below the x-axis according to the following nomenclature: GRAPPA factor * SMS factor; [GRAPPA kernel size in read-out direction * GRAPPA kernel size in phase-encoding direction]. Fig. S5 . The influence of the slice-GRAPPA kernel size (3*3 -solid colors, 5*5 -fine hatch patterns, 7*7 -coarse hatch patterns) on the perfusion SNR in black (left y-axis) and BOLD SNR in grey (right y-axis) for several combinations of acquisition and reconstruction parameters. The FLEET reference lines acquisition strategy was employed in all cases. The protocol parameters are listed below the x-axis according to the following nomenclature: GRAPPA factor * SMS factor; [GRAPPA kernel size in read-out direction * GRAPPA kernel size in phase-encoding direction].
